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carbon fiber composites
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Abstract. A distributed fiber optic strain sensor based on Rayleigh backscattering, embedded in a fiberreinforced polymer composite, has been demonstrated. The optical frequency domain reflectometry technique
is used to analyze the backscattered signal. The shift in the Rayleigh backscattered spectrum is observed to be
linearly related to the change in strain of the composite material. The sensor (standard single-mode fiber) is
embedded between the layers of the composite laminate. A series of tensile loads is applied to the laminate
using an Instron testing machine, and the corresponding strain distribution of the laminate is measured. The
results show a linear response indicating a seamless integration of the optical fiber in the composite material
and a good correlation with the electrical-resistance strain gauge results. The sensor is also used to evaluate
the strain response of a composite-laminate-based cantilever beam. Distributed strain measurements in a
composite laminate are successfully obtained using an embedded fiber optic sensor. © 2019 Society of PhotoOptical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.58.7.072004]

Keywords: fiber optic sensor; strain monitoring; embedded sensing; distributed sensing; optical frequency domain reflectometry;
Rayleigh backscattered spectrum.
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1 Introduction
Fiber optic sensors (FOSs) offer many advantages as in-situ
sensors for composite structures. They are well suited to the
demands of composite fabrication and application, and they
can provide flexible internal measurement options without
degrading the host composite structure.1 Composite materials are extensively used in various fields, such as aerospace,
automotive, wind turbine, shipping, sports, and the recreation market. These advanced materials have advantages,
such as low density, high-specific strength and stiffness,
good vibration damping, long fatigue life, high wear, corrosion resistance, temperature resistance, and strong
tailorability.2–5 Structural composites for these applications
can be subjected to heavy loads and extreme service conditions. Unfortunately, in-place inspection of composites is
difficult or expensive. Nondestructive techniques, such as
ultrasonic testing, radiography, thermography, eddy current
testing, etc., can be used to detect damage in a composite
laminate. However, these techniques typically require expensive equipment and intensive labor.2 Structural health monitoring (SHM) techniques can incorporate surface-mounted
or embedded sensors to address the onset of damage and
catastrophic failure.6 Sensors such as strain gauges, piezoelectrics,7 MEMs, and fiber optics8,9 are commonly used
for SHM of composite materials.10 A disadvantage of
using the strain gauges and piezoelectric sensors is that they
are susceptible to electromagnetic interference (EMI).10
Also, most of the sensors listed above are capable of sensing
only localized strains or operate over limited temperature
range. Optical fiber sensors have shown the capability to

give reliable strain measurements11 even for cases of high
fatigue, high temperatures, and structural damage, and
they can be used as field instruments.12–14
FOSs, when compared to other sensors, exhibit many
advantages such as immunity to EMI, wide operating temperature range, compact size, low cost, light weight, and easy
embedment.10 FOSs are used to sense temperature, strain,
and refractive index, either as localized sensors or as distributed sensors. Standard fiber Bragg gratings (FBGs),15,16
Fabry–Perot fiber sensors,17–19 interferometric FOSs,20 fiber
optic micro bend sensors, distributed sensors, and hybrid
sensors21 are some of the different types of FOSs.10
Multiplexed sensing is achieved by combining and arranging
many discrete sensors along the length of the optical fiber for
multiple point strain and temperature sensing. Hybrid sensors simultaneously measure strain, temperature, and thermal
strain of the composite materials by combining and arranging different sensors in a single fiber.21 FBGs can be multiplexed, and a multiplexed FBG is known as a multipoint
sensor or quasidistributed sensor.10 However, strain buildup at potential blind spots (e.g., in between two consecutive
FBGs) cannot be measured using these point sensors as they
are not continuous. Distributed sensors are employed for
continuous profile monitoring with the fiber itself used as
a sensor based on Brillion scattering, Raman scattering
(inelastic), and Rayleigh scattering (elastic).10,22 The advantage of distributed sensing over multiplexed point sensing is
that spatially continuous measurement without dark zones
can be achieved.23 Also, since no external modifications
are made to the fiber, long distance sensing of temperature
and strain can be measured.23 Rayleigh backscattering is due
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to random refractive index changes along the length of the
optical fiber. Rayleigh scattering along an optical fiber can be
modeled as a series of Bragg grating sensors located along
the length of the fiber.3 Based on Rayleigh scattering, distributed fiber optic sensing is categorized as optical time domain
reflectometry (OTDR) and optical frequency domain reflectometry (OFDR).24–27 Conventionally, Raman or Brillouin
scattering–based OTDR have limited spatial resolution
(∼m) due to the inherent nature of OTDR technology.26
In comparison, Rayleigh scattering-based OFDR is capable
of achieving a spatial resolution of up to cm or even sub-cm
levels.
There has been significant interest in embedding FOSs in
composite laminates in recent years. Many recent studies
demonstrate the popularity of SHM of composites using
FOS by surface bonding of the optical fibers. For example,
multiplexed FBGs and distributed fiber optic sensing using
OFDR were used to monitor dynamic strain and fatigue damage of a composite axial fan blade and composite step lap
joint, respectively, by attaching the fiber on the top and bottom surfaces.28,29 Hand-layup and pre-preg layup are some of
the methods to embed the FOS in the intermediate layers of
the composite laminate.30 There are many techniques such as
braided composites embedded with FOS, and FOS stitched
carbon fiber preforms for advanced composite structures that
employ the embedding of FOS within the composite structure to maintain structural integrity.30,31 Examples are
reported describing the successful embedment of polarimetric sensors,32 fiber Bragg grating sensors,15 photonic crystal
fiber interferometric sensors,20 and hybrid sensors21 in
composite laminates. The FOS reported in these examples
are point sensors that are embedded in the intermediate
layers of the composite. In the traditional surface-bonded
OFDR-based distributed strain sensing technique, it is not
possible to accurately reveal the internal strain profile of
the composite laminates, which are critical for guiding
composite material designs. OFDR-based distributed sensing using optical fibers embedded inside composite materials
remains to be explored.
In this work, a distributed FOS was embedded within the
layers of composite laminates to monitor the spatially continuous profile of strain using the OFDR system. This paper
presents strain sensing using unmodified optical fibers and
OFDR instrumentation. The sensor performance is investigated using an INSTRON tensile testing system and a
cantilever beam experiment using optical fibers, which
are embedded within the composite samples, unlike the surface bonding approach. A surface-bonded electrical resistance strain gages gave additional verification for the
measured tensile test. The carbon fiber/epoxy composite
samples were manufactured by the out-of-autoclave
(OOA) technique, using six layers of IM7/Cycom 5320-1
prepreg. The OFDR system can achieve a spatial resolution
of 1 cm and can measure a minimum strain of 10 με. The
optical fiber used is a standard single-mode fiber. The
OFDR technique was used to analyze the backscattered signal. The shift in the Rayleigh backscattered spectrum (RBS)
is linearly related to a change in strain in the composite
materials. In addition to the demonstration of the OFDR
capabilities, this work shows the seamless integration of
distributed sensors in composite materials and the ability
to monitor fabrication quality or structural health.
Optical Engineering

2 Methodology
2.1 Composite Sample Fabrication
An optical fiber sensor embedded in a composite sample,
exhibited in Fig. 1, was manufactured according to the
OOA technique. A schematic of the composite sample is
shown in Fig. 1(a). A laminate structure using six layers
of the IM7G/Cycom5320-1 prepreg composition, which
contains the embedded optical fiber sensor, is shown in
Fig. 1(b). Prepreg layers were cut to a nominal size of
304.9 mm × 76.2 mm (12 in: × 3 in.) and laid on an aluminum mold. The compacted thickness of the sample was
1.5 mm (0.059 in.). For the tensile test, a standard singlemode FOS was embedded between the central (third and
fourth) layers of the composite sample. For the cantilever
experiment, the optical fiber was placed between the first
and second layers or fifth and sixth layers of the composite.
The placement of the FOS was important because, if done
improperly, local distortions could result in the degradation
of the structural performance.15 Heat shrink-tubes were used
at the ingress and egress points to prevent damage to the optical fiber due to high-stress concentrations [Fig. 1(a)].
The prepreg layup was cured following the manufacturer’s recommended cure cycle at a vacuum pressure of
28 in. Hg. A two-step cure cycle was used to cure the
composite [Fig. 1(c)]. The layup was first heated to 140°F
(60°C) to maximize the mobility of the reacting groups
and then cured at 265°F (129.4°C). The sample was then subjected to a free-standing postcure soak at 350°F (177°C) for
2 h. The overall manufacturing procedure was used to fabricate six-layer cross-ply and unidirectional composite samples with embedded FOSs.
Figure 1(d) shows the cross-section image of an
embedded optical fiber in the unidirectional composite laminate. The clear interface between the optical fiber and the
epoxy matrix is observed in the figure. The initial diameter
(250 μm) of the outer cylinder in Fig. 1(d) includes the outer
coating of the optical fiber. The optical fiber was compressed, which caused it to expand slightly in the horizontal
direction (285 μm) making the cross-section of the optical
fiber appear like an oval shape instead of a circle. The compression of the optical fiber occurred during the composite
laminate manufacturing conditions because the composite
material and the embedded sensor were subjected to high
temperature and pressure along the stack direction (265°F
and 28 in. Hg, respectively). However, the compression of
the coating layer of the optical fiber does not influence
the sensor behavior since the light signal is confined to
the optical fiber core. Also, the continuous interface formed
between the epoxy matrix material and the optical fiber
results in good strain transfer between the composite material
and the optical fiber. Regarding the strain sensing performance in OFDR, an embedded optical fiber is able to provide
a consistent strain sensing response only if the embeddinginduced fiber loss is smaller than 6 dB. This is due to the fact
that both reference and measurement information are both
exacted from the same embedded optical fiber sensor.
2.2 Optical Frequency Domain Reflectometry Theory
and Measurement Principle
The distributed sensing approach used in the current work is
based on Rayleigh backscattering. An OFDR system can be
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Fig. 1 Details of an embedded optical fiber sensor: (a) schematic of an optical fiber embedded in
a composite sample, (b) photograph of composite sample with a reference strain gauge attached
to the surface, (c) manufacturer-recommended temperature versus time cure cycle for IM7G/
Cycom5320-1 prepreg system, and (d) cross-section image of the optical fiber embedded in the unidirectional composite structure.

used to sense a continuous profile of temperature and
strain.3,24,33,34 The OFDR system can achieve very high sensitivity and spatial resolution (1 με and 1 cm, respectively),
but there is a trade-off between measurement resolution,
spatial resolution, and sampling rate for the scatteringbased distributed sensing techniques.3,24,25,33,34 The optical
fiber for this work was not of the type that maintains
light polarization. The required polarization control for the
interferometer originates from the polarization controller
used in the main interferometer.
Initially, the reference signal was recorded under conditions of no strain using a few scans by the OFDR system, and
then the measured signal under strain conditions was used to
Optical Engineering

analyze the RBS. The optical frequency domain signal
obtained was converted into a spatial domain signal through
a fast Fourier transform (FFT). A sliding window (Δx) is
used for the entire range of frequencies, and each window
location was converted back to the optical frequency domain.
Cross correlation of the reference signal and the measured
signal was done to check the spectral shift of the backscattered spectrum, which corresponds to the change in strain.
The experimental setup for displaying distributed strain
measurement of the embedded fiber in a composite laminate
using the OFDR technique is shown in Fig. 2.
The tunable laser source (TLS, Agilent 81680A) is used
as the light source for the OFDR system. The tuning speed,
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Fig. 2 Experimental setup for distributed strain measurements of the embedded optical fiber in a
composite laminate. TLS, tunable laser source; CPL, coupler; CIR, circulator; SMF, single mode
fiber; PC, polarization controller; BPD, balanced photodetector; and DAQ, data acquisition card.

tuning range, and starting wavelength of the TLS are
5 × 103 GHz∕s (40 nm∕s), 2.5 × 103 GHz (20 nm), and
1525 nm, respectively. The light from the source is split
by a coupler (10/90) and takes two paths. One path is through
the auxiliary interferometer (delay fiber length, 120 m), and
the other path is through the main interferometer. A Mach–
Zehnder auxiliary interferometer is used to provide an external clock for the data acquisition card (DAQ). It solves the
nonlinear effect problem of the tunable laser, which scans the
frequency range and gives the correct time base corresponding to the DAQ.22,25 The light through the main interferometer is split and takes a reference path and a signal path by
making use of a coupler (50/50). The signal path incorporates the circulator whose one arm has the fiber under test
(FUT; fiber length, 10 m), which is embedded in the
composite laminate. The polarization controller (Thorlabs,
FPC024) is used in the reference arm to modify the polarization state of light. The backscattered light from the FUT
is collected using the same coupler. The reference and
the backscattered light are combined using a coupler and
detected using the balanced photo detector (BPD, Thorlabs,
PDB 450C). The position of the optical fiber in the
composite sample (test fiber) and the instrumentation optical
fiber are easily differentiated in the spatial domain signal at
the splice point where the FUT is attached.
2.3 Experiments
Two types of strain tests were conducted. The first arrangement was a tensile test with the main run of the optical fiber
set to measure tensile strain in a uniform sample. The second
arrangement was a cantilever beam test with the optical fiber
subjected to varying axial strain. For the tensile test, an electrical resistance strain gage was colocated at a central point to
provide an independent measure of strain.
The composite laminate with the embedded FOS was
tested for distributed strain sensing under tensile loads.
Aluminum tabs 7.62 cm × 2.54 cm (3 in: × 1 in:) were
attached to the ends of the composite samples using structural epoxy adhesive. Three replicates of both unidirectional
and cross-ply samples were tested. The testing was done
using an Instron 5985 universal testing machine, as shown
in Fig. 3. The tensile testing was performed using a strain
rate of 1.27 mm∕ min (0.05 in:∕ min). Samples were tested
up to 600 με, which is below the failure threshold of the
composite samples. Importantly, the embedded FOS was
Optical Engineering

employed for a range of strain measurements that were
well below the known upper limit (8000 microstrains)
for reproducible strain measurements by optical fiber
sensors.35–38 The signals were recorded using a DAQ. Signal
processing of the Rayleigh-backscattered spectra was performed to analyze and study the strain in the composite samples. A strain gauge was fixed at the center of the composite
sample to compare the results with our OFDR system, which
metered continuous strain values along the length of the
optical fiber.

Fig. 3 Tensile testing of a composite sample using the Instron 5985
machine.

Fiber input
connected to OFDR
Fiber termination
system
Heat shrink tube

x
Position 4.05m
on the fiber

Applied force
-z direction

26 cm

One end of the
composite sample is
clamped

25mm

Composite sample

Fig. 4 Distributed strain testing of a composite sample using a cantilever experiment.
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Fig. 5 Comparison of Rayleigh backscattering measurement results (a) before and (b) after the optical
fiber was embedded in the composite sample.

After testing the composite samples with the Instron test
machine, a cantilever beam experiment was conducted to
evaluate the distributed strain sensing capability of the optical fiber embedded in a composite sample. Figure 4 shows
the composite sample fixed in a cantilever beam-like structure. One end was clamped, and a force was applied on the
other end of the cantilever beam in the negative z-direction.
The optical fiber was embedded under the uppermost layer of
the composite specimen to measure strain under cantilevertype loading. The end of the cantilever beam was displaced
up to 25 mm, and the resulting strain was recorded.
3 Results and Discussion
In this section, the results of continuous strain monitoring of
the composite samples under tensile loading are presented.

Prior to applying tensile loads to our samples, a comparison
of the Rayleigh backscattering measurement results obtained
from the optical fiber sensor before and after the fiber was
embedded in the composite samples was performed. A typical result is shown in Fig. 5. Figure 5(b) reveals that an
inevitable signal reduction is observed over the region of
the embedded section of the optical fiber. Nevertheless,
the signal losses on both sides of the input/output fiber
are <4 dB, which is acceptable for our OFDR-based distributed optical fiber strain sensor. The cross-ply layup
composite sample and the unidirectional composite sample
correspond to samples A and B, respectively. Figures 6(a)–
6(d) show the distributed sensing results from the optical
fiber embedded within the composite sample with a spatial
resolution of 1 cm. Loading and unloading were performed

(a)

(b)

(c)

(d)

Fig. 6 Distributed strain response of the optical fiber embedded in (a) composite sample A while loading,
(b) composite sample A while unloading, (c) composite sample B while loading, and (d) composite sample B while unloading.
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in a stepwise manner, and strain values were monitored using
the FOS. The loading and unloading curve patterns follow
closely to each other, which indicate a good embedment
of the optical fiber in the sample.
As shown in Fig. 6(a), the strain increases as the applied
displacement increases. The maximum strain of 600 με is
observed when the applied maximum displacement is
0.2 mm, as shown in Fig. 6(a). Similar results are shown
in Figs. 6(b)–6(d). The distributed strain drops to zero at
the beginning and end of each semirectangular plot because
of the shape of the optical fiber embedment in the composite
sample, as shown in Fig. 3. The optical fiber measures strain
in the in-plane direction only. The distributed strain values
plotted for composite sample A are slightly asymmetric
(not rectangular) compared to the plots for composite sample
B. The observation may be due to a slight variation in the
orientation of the optical fiber embedded inside the
composite laminate, compared to the direction of the loading
axis. This asymmetry can be avoided by the careful placement of the optical fiber using a curve-shaped geometry.
The optical fiber response in other locations other than
within the composite is zero, which shows the uniformity
of the system (i.e., minimal crosstalk from the composite
sensing region). The negative strain, ∼1.8 m in composite

sample B [Figs. 6(c) and 6(d)], may be due to localized stress
concentration at the edges of the composite sample.
The distributed strain values measured by the optical fiber
are compared to the strain gauge output as shown in
Figs. 7(a) and 7(b). A polynomial of degree one fits the
experimental data well. From Figs. 7(a) and 7(b), it is found
that the experiment shows good correlations between the
strain gauge values and the OFDR strain values for both
the loading and unloading conditions of the composite samples A and B. The R-squared values are predominantly 0.999
for all of the strain tests. The slopes of the curves while
unloading for both the samples is slightly decreased by
2% when compared to the slopes of the loading tests, demonstrating that the loading and unloading curves reproducibly follow each other. The reproducibility demonstrates a
faithful strain transfer between the composite laminate and
the optical fiber. Figure 8 was derived from Fig. 6(a) and
details the comparison between the strain gauge output
and the OFDR strain values with error bars for the loading
condition.
The measurements from the reference electrical resistance
strain gauges were in good agreement with the FOS values.
A typical comparison from the tensile tests is an FOS strain
of 311 με and the reference gauge strain of 271 με at 0.1 mm

Fig. 7 Comparison of strain gauge values and maximum strain OFDR values for loading and unloading
(a) composite sample A and (b) composite sample B.

Fig. 8 Comparison of strain gauge values and maximum strain OFDR values for loading of composite
sample A, including error bars derived from Fig. 6(a).
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(a)

(b)

Fig. 9 Distributed strain testing of a composite laminate from a cantilever experiment. Distributed strain
values using the OFDR while (a) loading and (b) unloading.

displacement, as shown in Fig. 8; the reason for the difference may be due to the embedding process and surface
attachment of the FOS and some variability in the reference
strain gauge, respectively.
The results from the cantilever experiment shown in
Figs. 9(a) and 9(b) demonstrate a good linear sensor
response. The initial increase of the strain values from 3.9
to 4.05 m is due to the curved embedding geometry of
the fiber within heat shrink tubes in the laminate sample.
We observed a maximum strain of ∼500 με at 4.05 m
[Figs. 9(a) and 9(b)], which is the starting point position
of the cantilever beam (see Fig. 4). As expected, the strain
readings decrease along the length of the cantilever beam,
away from the clamped end. The optical fiber detects the
decrease in strain. The corresponding loading and the
unloading strain values match each other, which demonstrate
the seamless integration of the optical fiber in the composite
sample with no slippage or hysteresis issues. It should be
noted that the small amount of compression of the optical
fiber shown in the microscope image in Fig. 1(d) did not significantly change the Rayleigh-backscattered signal, which
is an advantage of the OFDR system. In our conducted
OFDR strain sensing system, the strain sensitivity is
10 GHz∕με (80 pm∕με) and the minimum strain that could
be detected is 2.5 με. In our current study, the strain variation
for both tensile test and cantilever beam test is around 50 με.
Consequently, our system is able to provide sufficient sensitivity to realize the strain sensing experiments. Compared
with other distributed strain sensing technologies, our established OFDR strain sensing system is capable of offering
similar strain sensing sensitivity, and in addition, a very competitive spatial resolution for field applications.
4 Conclusion
The sensing of distributed strain in composite materials using
OFDR has been demonstrated. A single-mode optical fiber
embedded within the layers of a composite laminate was
used effectively as a sensor. The shift in the Rayleigh-backscattered signal is proportional to the change in strain within
the composite material. The strain measurements by the optical fiber were validated using a tensile testing machine and
a cantilever beam experiment. The results show a linear
response between metered displacements and the measured
Optical Engineering

strains. The results were validated using an electrical resistance strain gauge bonded to the surface of the tensile test
sample. Rayleigh scattering is sensitive to both temperature
changes and load-induced changes. In this investigation, the
temperature was held constant during the tests.
OFDR-based distributed strain sensing with an optical
fiber embedded in the intermediate layers of composites provides an effective assessment of internal strain. Applications
include the characterization of strain and temperature during
fabrication, quality assurance for structures, damage assessment, etc. For instance, structural health monitoring helps
identify locations of stress concentrations, paths of stress
propagation, and areas subjected to fatigue. Spatially disposed strain measurements data help to identify and direct
the re-enforcement and repairs of distressed structural
areas, avoiding catastrophic failure well in advance. The proposed techniques employed in this paper can be used to continuously monitor the health of large rigid structures with a
spatial resolution of 1 cm. For laboratory testing, the resolution for strain measurements was 1 mm.
For field applications, the strain measurements by the
OFDR-based methods discussed in this work will be affected
by temperature. Corrections to the strain measurements data
for variations in temperature can be made by employing an
optic switch dividing the fiber into two parts. One part of the
optical fiber that is embedded in the sample measures the
temperature and strain of the FUT, and the other optical
fiber should be held loose (not embedded) and thus only
measures the temperature. The temperature effects measured
by the loose optical fiber are subtracted from the embedded
optical fiber strain measurements to determine the corrections for temperature. Some of the OFDR device challenges
include the high cost of the OFDR interrogation system and
the sensitivity of the OFDR system to light polarization.
Future work includes the development of a low-cost
OFDR interrogation system. Also, future work will examine
the simultaneous measurements of strain and temperature for
the FOS embedded in composite materials.
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